Plants using the C 4 photosynthetic pathway are highly represented among the world's worst weeds, with only 4 C 4 species being agriculturally productive (maize, sorghum, millet, and sugar cane). With the C 4 acid cycle operating as a biochemical appendage of C 3 photosynthesis, the additional enzymes involved in C 4 photosynthesis represent an attractive target for the development of weed-specific herbicides. The rate-limiting enzyme of this metabolic pathway is pyruvate orthophosphate dikinase (PPDK). PPDK, coupled with phosphoenolpyruvate carboxylase and nicotinamide adenine dinucleotide-malate dehydrogenase, was used to develop a microplate-based assay to detect inhibitors of enzymes of the C 4 acid cycle. The resulting assay had a Z′ factor of 0.61, making it a high-quality assay able to reliably identify active test samples. Organic extracts of 6679 marine macroscopic organisms were tested within the assay, and 343 were identified that inhibited the 3 enzyme-coupled reaction. A high confirmation rate was achieved, with 95% of these hit extracts proving active again upon retesting. Sequential addition of phosphoenolpyruvate and oxaloacetate to the assay facilitated identification of 83 extracts that specifically inhibited PPDK. (Journal of Biomolecular Screening 2005:67-75) Journal of Biomolecular Screening 10(1); 2005 www.sbsonline.org 73 FIG. 8. Examples of enzyme selectivity experiments. The dashed line at 22 min indicates when the substrate was added for phosphoenolpyruvate carboxylase (PEPC). The dotted line at 34 min shows when the substrate was added for nicotinamide adenine dinucleotide-malate dehydrogenase (NAD-MDH)
INTRODUCTION
T ARGETING PESTS WITHOUT DAMAGING their beneficial biological relatives is the preferred option of any pest management practice. In crop production, it is partly achieved by farm management practices that separate pesticide application from crop growth by time or space. In recent years, elimination of the need for this separation has been sought by engineering crops to be resistant to herbicides such as glyphosate. 1 Similar pesticide selectivity may be attained by using pesticides that target physiological systems unique to pests. Of the world's top 18 weeds, 14 are C 4 plants; 2 that is, they possess an extra biochemical pathway in the mesophyll cells of their leaves. This additional metabolic pathway, the C 4 acid cycle, allows the plant to fix inorganic carbon more efficiently than C 3 plants, which comprise the majority of the world's plants. 3 This latter group includes some of the world's major crops such as wheat, rice, barley, and oats. Only maize, sugar cane, sorghum, and millet are economically important C 4 crops. Typical examples of C 4 weeds are nutgrass (Cyperus rotundus), couch grass (Cynodon dactylon), barnyard grass (Echinochloa spp.), Johnson grass (Sorghum halopense), and goosegrass (Eleusine indica). For efficient agricultural production, there is an obvious and pressing need for control of C 4 weed species.
There are 3 variations to the C 4 acid cycle, and the C 4 plants have been classified into 3 groups according to the decarboxylating enzyme located in the bundle sheath cells. Regardless of the photosynthetic pathway present in the C 4 plants, 4 pyruvate orthophosphate dikinase (PPDK) and phosphoenolpyruvate carboxylase (PEPC) are crucial to the operation of the C 4 pathway (Fig. 1 ). In the NADP-malic enzyme-type C 4 plants, PPDK catalyzes the conversion of the 3-carbon compound pyruvate ( Fig. 2A ) into phosphoenolpyruvate (PEP; Fig. 2B ). After carbonic anhydrase catalyzes the hydration of atmospheric CO 2 to bicarbonate, PEPC catalyzes the carboxylation of PEP to produce the 4carbon compound oxaloacetate (OAA; Fig. 2C ). In NADP-malic enzyme-type C 4 plants, OAA, a relatively unstable compound, is then rapidly converted into malate by malate dehydrogenase (NADP-MDH) and subsequently shuttled into the chloroplasts of the bundle sheath cells. Decarboxylation of malate in the bundle sheath cell chloroplasts results in the release of CO 2 , which is subsequently fixed by ribulose bisphosphate carboxylase/oxygenase (Rubisco) and incorporated into the C 3 pathway. Disruption of the C 4 acid cycle should adversely affect total photosynthesis in C 4 plants.
PPDK is generally accepted as catalyzing the rate-limiting step in the C 4 acid cycle, making it an extremely attractive target for the development of C 4 plant-selective herbicides. 5 Furthermore, it has not been found in either vertebrates or invertebrates, reducing the likelihood of PPDK inhibitory compounds having adverse toxicological or environmental impacts. Attempts to develop a C 4 plantselective herbicide have involved designing structural analogs of substrates of the C 4 acid cycle enzymes. [6] [7] [8] The only reported compound that specifically inhibited a C 4 acid cycle enzyme is 3,3dichloro-2-(dihydroxyphosphinoylmethyl)propenoate (DCDP; Fig. 2D ), which acted on PEPC. [6] [7] [8] [9] Unfortunately, this compound had no effect on the growth of C 4 plants. Nevertheless, inhibiting the C 4 acid cycle to kill C 4 plants remains a promising herbicidal strategy. C 4 plants transformed by antisense technology to decrease the level of PPDK or PEPC were incapable of surviving unless grown under high CO 2 conditions 10 to compensate for the inactivity of these enzymes. It follows, then, that a compound that inhibits either PPDK or PEPC might be an efficient and selective herbicide that may prevent the deleterious effect of C 4 weeds on C 3 crops.
Herein, we describe the development of a rapid throughput screening assay for selective PPDK inhibitors to identify chemical leads for C 4 plant-selective herbicides. This assay was challenged with a library of organic extracts prepared from marine macro-scopic organisms. Although marine natural products are recognized as abundant but relatively untapped sources of bioactive chemicals primarily explored for pharmaceutical potential, [11] [12] [13] less attention has been focused on them for agrochemical applications. 11, 14, 15 
EXPERIMENTAL METHODS

Reagents
All buffers and general chemicals were sourced from Sigma (St. Louis, MO). Nicotinamide adenine dinucleotide-malate dehydrogenase (NAD-MDH; EC 1.1.1.37) was purchased from Roche Diagnostics GmbH (Mannheim, Germany). Microplates used for screening were flat-based polystyrene plates from Sarstedt (South Australia, Australia). Purified water was obtained from a MilliQ water purification system (Millipore, Billerica, MA). PEPC (EC 4.1.1.31) was isolated and purified from maize leaves, as described previously, 16 and maize PPDK (EC 2.7.9.1; Genbank Accession number J03901) was expressed in Escherichia coli with a His-tag and purified on a Ni-affinity column.
Marine samples and crude natural product extracts
Macroscopic marine organisms were collected by hand while either reef-walking or scuba diving and by trawling from approximately 1500 collection sites around the Australian coastline. Approximately 2 g (wet weight) of sample biomass was excised for extract production, with the remaining biomass stored at -20°C. The excised portion was freeze-dried and extracted with 10 mL analytical-grade ethanol. Aliquots (0.5 mL) from this extract were removed and placed into deep-well microplates, and the ethanol was evaporated in a rotary vacuum concentrator. The dried extract was resuspended in the same volume of DMSO to generate the final extract for screening (concentration unknown).
PPDK, PEPC, NAD-MDH enzyme-coupled assay
PPDK (0.012 U/mL), PEPC (0.4 U/mL), and NAD-MDH (6 U/ mL) were assayed in the presence of 10 mM dithiothreitol, 10 mM MgSO 4 , 10 mM NaHCO 3 , 1 mM glucose-6-phosphate, 5 mM (NH 4 ) 2 SO 4 , 2.5 mM NaH 2 PO 4 , 0.4 mM NADH, and 1 mM adenosine triphosphate (ATP) maintained at pH 8.0 using 50 mM HEPES-OH buffer in a final volume of 120 µL. The enzymecatalyzed reaction was initiated by the addition of pyruvate to a final concentration of 2 mM, which equates to a concentration 24.4 times the K m of 82 µM for this enzyme system. 16 All reactions were conducted at 22 to 25°C. This assay is derived from a previous study 16 and miniaturized here for use in microplates.
Progress of the enzyme-catalyzed reaction was measured by recording the decrease in A 340 nm caused by the enzyme-driven oxidation of NADH using a Spectra II plate reader (Wallac Oy, Turku, Finland). Plates were shaken prior to each reading. Measurements for each well within the microplate were recorded every 30 s using Biolise kinetic software (Biolise 2.01 Revision 19, Labsystems, Helsinki, Finland). Kinetic readings were terminated once the absorbance readings for solvent controls had reached their lowest limits. Within each 96-well microplate, controls consisted of the following: 4 replicates containing the solvent used to carry test extracts and compounds (solvent controls) and 8 replicates containing all reagents, except pyruvate and test samples, to provide background A 340 nm (background controls).
Assay values in terms of percent control were calculated using the following equation:
where T start(test) is the A 340 nm of individual wells containing test samples immediately after initiation of the reactions, T end(test) is the A 340 nm of individual wells containing test samples immedi-
ately prior to the end of the reactions, T start(bg ctl) is the average A 340 nm of the background control wells immediately after the initiation of reactions, T end(bg ctl) is the average A 340 nm of the background control wells immediately prior to the end of the reactions, T start(sol ctl) is the average A 340 nm of solvent control wells immediately after initiation of the reactions, and T end(sol ctl) is the average A 340 nm of solvent control wells immediately prior to the end of the reactions.
Assay validation
The dose-response of the assay to oxalic acid, a known but weak inhibitor of PPDK ( Fig. 2E ), was determined with concentrations of oxalic acid dissolved in water ranging from 8.3 µM to 8.3 mM. The resulting curve was analyzed using the curve-fitting routine of Sigma plot (SPSS, Chicago, IL) with the following logistic curve:
where n represents the slope of the curve, oxalic acid is the concentration of oxalic acid, and IC 50 is the concentration of oxalic acid that inhibited the assay by 50%. After determining the IC 50 for oxalic acid, the assay was tested for its day-to-day and plate-to-plate variability by repeating the assay over 6 days in the presence of standard controls, oxalic acid at concentrations that approximated the IC 50 , and oxalic acid concentrations that completely inhibited the assay.
Primary screening
All test extracts were screened in duplicate using a 5-µL test volume. Two additional controls were added to each microplate, which included the following: 2 replicates containing 8.3 mM oxalic acid, which would completely inhibit PPDK (positive control), and 2 replicates containing 420 µM oxalic acid, which approximated the IC 50 of this inhibitor using the described assay conditions. The inhibition of the 3 enzyme-coupled reaction relative to controls (percent control) in the presence of test extracts was calculated slightly different to that described above. The activity of the enzyme was related to the oxalic acid-positive controls rather than the solvent controls: 
where Detecting Specific Inhibitors of Pyruvate Orthophosphate Dikinase T start(test) , T end(test) , T start(sol ctl) , and T end(sol ctl) are as described previously; T start(pos ctl) is the average A 340 nm of positive control wells containing excess oxalic acid immediately after initiation of the reactions; and T end(pos ctl) is the average A 340 nm of positive control wells containing excess oxalic acid immediately prior to the end of the reactions.
This slight change enabled comparison of test materials to an inhibitor acting directly on the targeted enzyme, namely PPDK, rather than relating results to nonspecific effects caused by various solvents.
Hit selection
To select extracts for the retesting and determination of selectivity for PPDK, we plotted inhibition values derived from screening crude extracts as a histogram. The ordinate of this histogram was transformed by taking the square root and the data fitted with the log-normal distribution 17 :
where µ is the mean of the natural logarithms of percent control, and σ is the standard deviation of the natural logarithms of percent control. These values were then converted to the actual mean and standard deviations of the log-normal distribution by the following 18 : 
Identification of PPDK selective extracts
Active extracts identified in the primary screening assay were retested using the same 3 enzyme-coupled reaction. Where inhibition was observed, PEP, the substrate for the second enzyme PEPC, was added to give a final concentration of 10 mM, which equates to a substrate concentration 12.5 times the K m of 800 µM for this enzyme system. 16 Decrease of the A 340 nm after the addition of PEP indicated selective inhibition of PPDK. If the addition of PEP failed to cause a decrease in the A 340 nm , OAA, the substrate for NAD-MDH, was added to give a final concentration of 60 mM, a concentration 1500 times greater than the K m of 40 µM. 19 If the addition of OAA caused a decrease in A 340 nm , then NAD-MDH must still be active. This indicated that neither PPDK nor PEPC, nor both enzymes, had been inhibited.
RESULTS
PPDK, PEPC, NAD-MDH enzyme-coupled assay characterization
Oxalic acid is a naturally occurring plant metabolite that weakly inhibits PPDK by competitively binding to the pyruvate substrate site. 20 Inhibition curves revealed that the IC 50 for oxalic acid was 424 ± 39 µM using the assay conditions adopted here. Complete inhibition of the enzyme was achieved at concentrations approaching 10 mM (Fig. 3) . The suitability of oxalic acid as a quality control of plate-to-plate and day-to-day variability was measured using a concentration that approximated the determined IC 50 on 4 different days. This experiment yielded a mean of 49.8% ± 1.9% control.
DMSO was used to dissolve the primary screening extracts, with its effect on the assay evaluated; the 3 enzyme-coupled assay was not inhibited by DMSO concentrations up to 5% (v/v) when compared to an equal volume of water (Fig. 4) . The conditions used here would have exposed the assay to a final concentration of only 2% DMSO (v/v), which would have had a minimal impact on assay quality.
NaCl is the salt most likely to contribute to crude extracts of marine organisms, and the potential for it to interfere with the 3 enzyme-coupled assay was also measured. Concentrations of 40 mM NaCl inhibited the assay by 12% (Fig. 4) . The maximum concentration tested (200 mM) inhibited the assay by 66%.
Screening of crude extracts
To confirm the robustness of the assay, we conducted a plate-toplate and day-to-day variability experiment after a pilot screen of crude extracts. Ten extracts were selected that inhibited the 3 enzyme-coupled assay at values ranging from full to no inhibition. These extracts were tested 11 times over a 2-week period, and minimal variability was observed (Fig. 5 ). The remaining extracts were then screened, bringing the total number tested up to 6679. The taxonomic composition of the extract library is depicted in Figure 6 . 
Hit selection
The calculations from the log/square root-transformed screening histogram gave values of 96% ± 9.7% control as the mean ± standard deviation (Fig. 7) . To reduce the possible selection of inactive extracts present in the "gray zone," 21 a stringent cutoff point of the mean minus 5 standard deviations was applied, resulting in a hit selection threshold of 47.5% control. Using this cutoff, 343 extracts were defined as hits.
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FIG. 4. Assay inhibition caused by DMSO (filled diamonds) and
NaCl (open circles). Data points are the mean and standard deviation of duplicate (for NaCl) and triplicate (for DMSO) measurements.
FIG. 5.
Plate-to-plate and day-to-day variability of the 3 enzymecoupled assay, as measured by its response to repeated testing (n = 11) with 10 crude extracts. Values given are mean ± standard deviation. Figure 8 depicts several examples of results obtained in the enzyme selectivity experiments, including PPDK selective inhibition, PPDK or PEPC inhibition, or inhibition of all 3 enzymes. Of the 343 extracts defined as hits in the primary screening assay, 83 preferentially inhibited PPDK (Fig. 9 ). Approximately 70% of the PPDK selective extracts were from sponges (phylum Porifera). The remaining 30% of active extracts that preferentially inhibited PPDK included bryozoans, ascidians, cnidarians, echinoderms, mollusks, and red algae, with 25% of these preferentially inhibiting PPDK (Fig. 9 ).
Extracts that preferentially inhibit PPDK
DISCUSSION
The search for herbicide leads is switching from whole-plant testing to high-throughput screening (HTS) using biomolecular assays. 22 Although whole-plant assays are information rich and have led to the discovery of many successful herbicides, developing them into HTS is costly and logistically challenging. The speed with which assay results are obtained is also slower relative to a biomolecular screen, devaluing their use in bioassay-guided fractionation of crude test samples. This transition to high-throughput biomolecular screening is driving a need for quality targets that can be incorporated into automated testing. The benefit of this is that the mechanism of action is identified from the outset, even though many hurdles remain for continued development. Inhibition of a plant enzyme will not necessarily translate into an effect on the whole plant. Plants possess many barriers to the penetration of chemicals such as the cuticle and cell wall, in addition to the cell membrane. For herbicide application, plant penetration can be optimized with adjuvants such as surfactants, oils, fertilizers, and pH modifiers. [23] [24] [25] [26] PPDK is well validated as a target and exists in the metabolic processes of many weeds, and its disruption should lead to death of a plant. [5] [6] [7] [8] [9] [10] Its activity cannot be readily measured directly, and it must be coupled to other enzymes that catalyze reactions that can be measured spectrophotometrically. Rather than complicate an assay, this requirement affords an opportunity to identify early in the discovery process extracts selective for the desired target, and vice versa, those extracts with indiscriminate broad-spectrum activity unlikely to have much value for selective herbicide development.
Selective inhibition of C 4 acid cycle enzymes via modification of their natural substrates has not succeeded previously. 27 From a series of 12 compounds, ethyl-3-trichloropyruvate exhibited the best selectivity, with a K I for PPDK 45-fold stronger than that for PEPC. Most of the other compounds had equivalent K I s for both PPDK and PEPC. The level of enzymes used in the method developed here reflects those found naturally, that is, low amounts of PPDK accompanied by significantly larger amounts of PEPC. These conditions differ significantly from those in the previous selectivity study, which used 10-fold more PEPC and almost 3-fold more PPDK. 27 The lower concentration of PEPC used here has made the assay more sensitive to any compound that would inhibit PEPC.
The assay described here is of high quality and suitable for HTS campaigns. A Z′ factor of 0.61 was obtained, putting it into the "excellent" assay category described by Zhang et al. 28 Other measures of assay quality also demonstrate its worth, with a signal-to-noise ratio of 25.3 and a signal-to-background ratio of 8.5. 28 An assay must, however, also perform well when used for testing complex extracts. Day-to-day and plate-to-plate variability within the assay was measured with oxalic acid and with a selection of crude marine organism extracts, which again demonstrated its resilience. DMSO is a commonly used solvent in which to deliver test compounds or extracts. It had little effect, and the assay could be used to test a wide variety of samples.
Non-lyophilized marine organism extracts would be unique among test samples that many screening assays would encounter, in that they may contain significant amounts of salt. The extraction protocol used here was designed to reduce the amount of salt extracted, that is, a combination of ethanol extraction of lyophilized biomass. Even so, to ensure the 3 enzyme-coupled assay could tolerate large concentrations of salt, we measured the ability of NaCl to inhibit the assay. Observable inhibition was obtained at a final concentration of 40 mM NaCl. Taking into account the dilution factor for crude marine organism extracts used here, they would have had to contain 920 mM NaCl for any inhibition to be observed. To achieve this concentration of NaCl in the 10-mL ethanolic extraction, 2 g biomass would require dissolution of 538 mg NaCl, necessitating that 27% of organism tissue was NaCl and that there was 100% efficient extraction. Solubility of NaCl in ethanol is extremely low, being only 0.53% by weight in a 90% ethanol/water mixture at 25°C. 29 This converts to 10 mL ethanol dis-solving no more than 42 mg of NaCl using the value of 0.79 g cm -3 for its specific density. These 2 facts then would preclude saltinduced assay inhibition as a source of false positives. The hit selection strategy used methods adopted to analyze ionchannel data, which rely heavily on histogram analysis. 17 With this approach, histogram data were transformed prior to analysis by taking the square root of the y-axis and log transforming the x-axis (Fig. 7A ). This provided an information-rich histogram not dominated by the high proportion of the inactive test samples (Fig. 7B) . As with analyzing histograms of ion channel dwell times, 17 using this transformation results in the statistical scatter in the data about the derived probability density function being of constant magnitude. Choosing a stringent cutoff point of 5 standard deviations from the mean was an attempt to eliminate those samples in the zone between true actives and true inactives. 21 This proved suc-cessful, with only 17 of the 343 hits not retesting active using the same criteria (i.e., <47.5% control), a confirmation failure rate of only 5%.
Accepting that 326 of the 6679 extracts tested were true actives produces a hit rate of 4.9%. Although this is relatively high, 3 enzymes were present against which any component within the crude extracts could act and inhibit the assay. The screening of the 6679 extracts then translates into 20,037 screening events, with inhibitory activity against PPDK, PEPC, or NAD-MDH being detected. Using this new number of 20,037 screening events, the hit rate is reduced to 1.6%. Of the 326 hit extracts, only 83 selectively inhibited PPDK. In this case, only 1 enzyme is relevant, and the hit rate reverts to 83 actives out of 6679 samples, or 1.2%.
The largest proportion of the extract collection used in this study belonged to the phylum Porifera, comprising just under onethird of the samples tested (Fig. 6 ). The other major groups represented were cnidarians, echinoderms, and chordates (mostly ascidians). The majority of the active extracts (72%) represented Porifera, reflecting, in part, the high proportion of these organisms (31%) within the library of extracts screened. Porifera and Angiospermata dominated the primary screening hits when expressed as a percentage of the total screened within each group (Fig. 8 ). Nearly 12% of the Porifera screened demonstrated primary screening activity, and similarly, just over 11% of the angiosperms screened demonstrated primary screening activity. Selectivity studies conducted on the 326 confirmed hits uncovered a different bias, in that 75% of cnidarian extracts active at the pri-mary screening level selectively inhibited PPDK, but only 22% of Porifera selectively inhibited PPDK. Furthermore, none of the angiosperms identified as hits in the primary screen demonstrated selective inhibition of PPDK. Rhodophytes, chordates, and bryozoans also displayed high levels of selective PPDK inhibition. In these latter groups, larger sample sizes would be required to determine the significance of the observed trends, that is, a high proportion of active extracts that selectively inhibit PPDK.
The assay described here is robust and suitable for HTS. It has succeeded in identifying 83 extracts of marine organisms that selectively inhibit PPDK and therefore contain presumptive lead compounds for C 4 selective herbicides. These leads require further investigation into their ability to affect whole plants, especially C 4 photosynthesis, and to identify the chemical entities responsible for the bioactivity. 
